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SOIL BIOTA FACILITATE EXOTIC ACER INVASIONS IN EUROPE
AND NORTH AMERICA
KURT O. REINHART1,2 AND RAGAN M. CALLAWAY1
University of Montana, Division of Biological Sciences, Missoula, Montana 59812 USA
Abstract. The primary hypothesis for successful exotic plant invasions is that the
invaders have escaped the specialist consumers that control them (Enemy Release Hy-
pothesis). However, few studies have rigorously tested this assertion with biogeographical
experiments or considered the effects of soil organisms. We tested the Enemy Release
Hypothesis and the enhanced role of mutualisms by comparing density patterns of the North
American Acer negundo and European A. platanoides trees in their native and nonnative
ranges. Invaders that have escaped their natural enemies are predicted to attain greater
densities in nonnative than native ranges. To determine whether interactions with soil biota
could explain the population distributions observed in the field, we compared the effects
of sterilized and nonsterilized soil associated with Acer and non-Acer trees in native and
nonnative ranges on the growth of seedlings in the greenhouse.
In the field study, distances from focal trees to the nearest Acer conspecifics were 56–
77% less in their nonnative ranges than in their native ranges. In the greenhouse experiment,
the effect of soil biota also differed between native and nonnative ranges of Acers. Relative
to sterilized controls, soil associated with conspecifics and heterospecifics from the native
ranges decreased the total biomass and relative change in height of Acer seedlings by 35%
and 40%, respectively. Soil associated with conspecifics in the nonnative ranges decreased
the biomass and relative change in height of Acer seedlings by 112% and 64%, respectively;
but the soil associated with heterospecifics in the nonnative ranges increased biomass and
relative change in height of Acer seedlings by 13% and 37%, respectively.
Our results suggest that invasion of Acers is enhanced by soil biota associated with
dominant native species and that the soil biota effect becomes more inhibitory as the Acers
establish. The relative difference in soil biota effects between ranges supports the Enemy
Release Hypothesis but also suggests that mutualists are relatively more beneficial to Acers
in their nonnative ranges than in their native ranges. Mutualisms may be relatively more
beneficial in nonnative ranges because the invader has escaped from the negative effect of
natural enemies that may attenuate the positive effect of mutualists.
Key words: Acer negundo; Acer platanoides; Enemy Release Hypothesis; facilitation; invasive
species; mutualisms; plant–soil biota interactions; soil biota effects.
INTRODUCTION
Understanding the rapid proliferation of invasive
species that are introduced into new regions of the
world is one of the most important and difficult prob-
lems in ecology. Some invasive species pose a threat
to global biodiversity (Usher 1988, Mack et al. 2000,
Pimentel et al. 2000) but the relative success of par-
ticular species is neither predictable nor mechanisti-
cally uniform (Mack et al. 2000). One of the leading
hypotheses explaining the invasive success of nonna-
tive species is the Enemy Release Hypothesis (Keane
and Crawley 2002). This hypothesis contends that spe-
cies proliferate in nonnative habitats because they have
escaped the natural enemies that control them. In other
words, the invaders experience fewer herbivores and
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pathogens in their nonnative ranges than in their native
ranges. The Enemy Release Hypothesis is derived from
the Janzen-Connell Hypothesis for population regula-
tion in natural systems, which posits that interactions
with herbivores, parasites, and pathogens limit the local
density of species producing density-dependent inter-
actions (Janzen 1970, Connell 1971). Although the En-
emy Release Hypothesis is based on sound ecological
theory and long-standing logic (e.g., Darwin 1859) and
is the central underpinning of biological control theory
(Lawton 1990, Murdoch and Briggs 1996), it has been
subjected to few rigorous empirical tests (Maron and
Vilá 2001).
The Enemy Release Hypothesis remains controver-
sial because there have been only a small number of
descriptive, correlative, and experimental examinations
comparing biogeographical differences in antagonist
richness and/or effect (Maron and Vilá 2001). However,
these studies suggest that fewer natural enemies are
present in invaded ranges than in natural ranges (Mem-
mott et al. 2000, Wolfe 2002, Mitchell and Power 2003,
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but see Beckstead and Parker 2003). Only a few ex-
periments have explicitly compared the effects of com-
petitors (Callaway and Aschehoug 2000), pathogens
(Beckstead and Parker 2003), parasites, or herbivores
(DeWalt et al. 2004) on the same plant in its native
and nonnative ranges. Moreover, discussion of this top-
ic (Maron and Vilá 2001, Keane and Crawley 2002)
and studies testing the Enemy Release Hypothesis
(Memmott et al. 2000, Wolfe 2002, Mitchell and Power
2003) have focused primarily on interactions occurring
aboveground (but see Beckstead and Parker 2003,
Reinhart et al. 2003, Callaway et al. 2004); however,
belowground interactions can be important determi-
nants of plant community structure (Van Der Heijden
et al. 1998, Klironomos 2002) and warrant investiga-
tion relative to the Enemy Release Hypothesis.
Recent studies have demonstrated dynamic feed-
backs between plants and associated soil biota (Flor-
ence 1965, Augspurger and Kelly 1984, Van der Putten
et al. 1993, Mills and Bever 1998, Eom et al. 2000,
Packer and Clay 2000, Bever 2003). The direction of
these feedbacks can be positive, negative, or neutral.
The direction of the feedback depends on the relative
negative effects of accumulating soilborne pathogens,
herbivores, and parasites (Brown and Gange 1989, Van
der Putten 2001) vs. the positive effects of accumu-
lating mycorrhizal fungi, nitrogen-fixing bacteria, and
other beneficial soil organisms (Allen and Allen 1984,
Baker and Schwintzer 1990, Garbaye 1994), and the
indirect effect of these plant–soil biota interactions on
plant–plant interactions (Bever 2003). Negative soil
community feedbacks appear to predominate in natural
systems, and they provide density-dependent regula-
tion of expanding populations and help to maintain
plant species diversity (Florence 1965, Augspurger and
Kelly 1984, Van der Putten et al. 1993, Mills and Bever
1998, Packer and Clay 2000, Klironomos 2002, Bever
2003). In natural systems, tree species can be nega-
tively affected by host-specific organisms in the soil
(Florence 1965, Augspurger and Kelly 1984, Mazzola
1998, Packer and Clay 2000). Negative feedbacks de-
velop from the direct negative effects of host-specific
pathogens (Mills and Bever 1998, Klironomos 2002)
and the indirect positive effects of host-specific bac-
teria and mycorrhizae associated with other species rel-
ative to the effects of the focal species’ mutualists
(Westover and Bever 2001, Bever 2002). Indirect pos-
itive effects have been shown to occur when the mu-
tualist community that develops in association with one
species is actually more beneficial to another species
(refer to Bever 2002 for further discussion). Direct pos-
itive feedbacks between soil biota and plants have been
demonstrated, although they are less commonly ob-
served in natural systems than negative feedbacks
(Bever et al. 1997, Klironomos 2002). Although rare
in natural systems, positive soil community feedbacks
may facilitate plant invasions (Vitousek et al. 1987,
Klironomos 2002, Vogelsang 2002, Reinhart et al.
2003, Callaway et al. 2004). Hence, the invasiveness
of some plant species may be enhanced by escaping
from harmful soil biota in their native ranges as well
as by positive interactions with soil biota in their non-
native ranges.
We tested the Enemy Release Hypothesis and the
enhanced role of mutualisms by performing a cross-
continental comparison of density patterns and effect
of the soil biota on the North American box elder (Acer
negundo L.) and European Norway maple (A. platan-
oides L.) in their native and nonnative ranges (each
species has invaded the other’s continent). The recip-
rocal design of this study enabled us to factor out site-
specific effects that generally enhance or inhibit growth
of the focal species. Both species are known to form
mycorrhizal associations (Brundrett et al. 1990, Ver-
kade 1991). To help determine if Acers escaped from
natural enemies, we compared density patterns in na-
tive and nonnative ranges and predicted local densities
would be greater in nonnative ranges. To determine
whether plant–soil biota interactions could explain the
population structure data, we compared the effects of
sterilized and nonsterilized soil from different sources
(Acer vs. non-Acer trees) and ranges (native vs. non-
native). Thus, we predicted host-specific organisms
from the native ranges of these Acer species would have
a negative effect on the growth of Acer seedlings, while
soil biota from the nonnative range would have a more
positive effect on seedling growth, which would sup-
port the idea that Acers in nonnative ranges have es-
caped from belowground enemies in their native ranges
but benefit from generalist mutualists (i.e., arbuscular
mycorrhizal fungi).
METHODS
Site description
We sampled Acer negundo soils and spatial patterns
near the center of its native distribution in Madison,
Wisconsin (4383.0479 N, 89822.2419 W; Schmucker
1942). This site was dominated by Fraxinus pennsyl-
vanica and A. saccharum. We sampled A. negundo in
its invaded range in mesic deciduous riparian forests
of the Rhône River near Sablons, France (45819.09 N,
4846.09 E) where Populus species are the dominant
natives.
Acer platanoides naturally occurs in late-seral ri-
parian communities and mesic deciduous forests
throughout much of Europe (Schmucker 1942). We col-
lected soil and measured densities in its native range
in France. We collected an equal number of subsamples
in a riparian forest on the Rhône River near Sablons
(45819.09 N, 4846.09 E) and in a mesic deciduous forest
near Séchilienne, France (4584.09 N, 5849.69 E). These
forests were dominated by Fraxinus excelsior. We also
sampled A. platanoides at two sites in its invaded range
in the United State. The first site was a 3–5 km corridor
of riparian forest of the Rattlesnake Creek, Missoula,
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Montana. We collected an equal number of subsamples
from three preserves along the Rattlesnake Creek in-
cluding: Greenough Park (46852.6449 N, 113858.5659
W), Tom Greene Memorial Park (46853.4169 N,
113858.2549 W), and Bugbee Park (46852.9989 N,
113858.2739 W). These riparian areas were composed
of mixed deciduous forests dominated by the natives
Populus trichocarpa and Pinus ponderosa. The second
site where we sampled A. platanoides in its nonnative
range was in late-successional forests in New Jersey.
We collected an equal number of subsamples from the
Drew Forest Preserve, Drew University (40845.09 N,
74825.09 W) and the Hutcheson Memorial Forest
(40830.1579 N, 74834.3109 W). Each of these forests
was dominated by the natives Fagus grandifolia and
A. saccharum.
Nearest neighbor measurements
At all sites (France, Montana, New Jersey, and Wis-
consin), we measured the distances from randomly cho-
sen A. negundo or A. platanoides trees in the canopy
to the three nearest conspecific trees $2 m in height.
If neighboring conspecific trees were not found within
50–55 m of the focal tree, then the distances to the
nearest neighbors were conservatively (because dis-
tances in native sites were often much longer than 50
m) recorded at 50 m. The distances to the nearest three
neighbors were averaged, and we tested the effect of
range (native vs. nonnative) and species of Acer on
average distance to the nearest conspecific using two-
way ANOVA with SPSS version 10 (SPSS 2000).
Effect of soil biota
A greenhouse experiment was conducted to test the
effect of soil from different ranges (native vs. nonna-
tive), soil biota (nonsterile vs. sterile), and soil from
different tree species (conspecific vs. heterospecific) on
the growth of Acer negundo and Acer platanoides seed-
lings (n 5 12 seedlings started per treatment combi-
nation). This experiment utilized soil from the native
(Wisconsin) and nonnative (France) ranges of A. ne-
gundo and from the native (France) and nonnative
(Montana and New Jersey) ranges of A. platanoides.
The soil for the A. negundo portion of the experiment
was collected from the native range in Wisconsin (n 5
12) on 5 August 2001. In the nonnative range, soil was
collected from Sablons, France (n 5 12) from 26–29
June 2001. In the native range of A. platanoides, soil
was collected near Sablons and Séchilienne, France
between 26 and 29 June (n 5 6 per site). In the invaded
range of A. platanoides, soil was collected from Drew
Forest Preserve and Hutcheson Memorial Forest, New
Jersey (n 5 6 per site) on 2 July 2001 and from the
three sites in Missoula, Montana (n 5 4 per site) on
17 July 2001.
To compare the effects of soil source (conspecific
vs. heterospecific) within a site, soil was collected be-
neath randomly selected target Acer trees and also be-
neath the other dominant tree species at the site. Non-
Acer samples were collected $20 m from the target or
any other A. negundo or A. platanoides trees. Other
dominant species were Fraxinus pennsylvanica in the
native range of A. negundo and F. excelsior in its in-
vaded range. The native dominant species associated
with A. platanoides include: Fraxinus excelsior in the
native range in France, Populus trichocarpa in the in-
vaded range in Montana, and Fagus grandifolia in the
invaded range in New Jersey. We did not mix soil col-
lected from different individual trees so we could use
them as experimental replicates (n 5 12 per each site
[France, Montana, New Jersey, and Wisconsin]). All
soil was transported according to USDA specifications
(Animal and Plant Health Inspection Service 1983) and
guidelines established for R. M. Callaway’s ‘‘Appli-
cation for Permit to Receive Soil’’ by APHIS, USDA.
Soil was shipped to Missoula, Montana and stored for
a maximum of two weeks at room temperature in a
growth chamber at the University of Montana.
All tools, materials, and surfaces coming in contact
with nonsterile soil were sterilized to avoid cross con-
tamination by one of five methods: autoclaving for 60–
180 min, flame sterilization, surfaces sprayed or ma-
terial soaked in $10% bleach solution (itself 5.25%
aqueous NaOCl), surfaces sprayed with 70% ETOH
solution, or material heated at $1108C for $16 h in a
drying oven. All of the field soil was prepared by dicing
the roots and crumbling the soil until it passed through
a 1-cm2 opening in a mesh sieve. Soil aliquots of 125
and 25 mL were removed from each replicate within
a region and then double autoclaved to kill all soil
biota. The 25 mL of sterile field soil and 25 mL of the
nonsterile field soil were used as inoculum for the ster-
ilization treatments. Then 12 125-mL aliquots of the
sterile soil from each region were combined into con-
specific and heterospecific composites. The sterile soil
composites were used to construct a sterile background
soil for each pot to help control for fertility differences
between conspecific and heterospecific soils and help
dilute the fertility effect associated with sterilization
treatments of the inoculum (see Troelstra et al. 2001
for discussion of fertilization effects). The background
soil mixture totaled ;2.5 L of sterile medium per pot.
The sterile background mixture consisted of 50 mL of
sterilized field soil with half from the conspecific com-
posite and half from the heterospecific composite. The
remaining portion (;97%) of background soil con-
sisted of sterile (once autoclaved) commercial silica
sand averaging 0.60–0.85 mm in diameter (20/30 grit,
Lane Mountain Company, Valley, Washington, USA).
Pots with a capacity of ;2.5 L were filled with the
sterile background soil and mixed with 25 mL (;1%)
of either sterile or nonsterile field soil inoculum (n 5
12 soil inoculum replicates per sterilization 3 source
3 species treatments) within each region (i.e., France,
Montana, New Jersey, and Wisconsin).
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FIG. 1. Distances between conspecifics of (a) Acer ne-
gundo and (b) Acer platanoides in their native ranges (black
bars) and their nonnative ranges (gray bars). The native range
for A. negundo is Wisconsin (n 5 5 trees); for A. platanoides
the native range is France (n 5 8). The nonnative site for A.
negundo was in France (n 5 4); for A. platanoides nonnative
sites were Montana (n 5 9) and New Jersey (n 5 6). Refer
to the Results section for statistical results. Bars represent the
distance from randomly selected A. negundo and A. platan-
oides trees to the three nearest trees (mean 1 1 SE).
The experimental pots for the A. negundo portion of
the experiment were planted with A. negundo seeds
(purchased from Lawyers Nursery, Plains, Montana,
USA) that were surface sterilized by placing the seeds
into 5% bleach solution for 10 min and then rinsing
the seeds with deionized water. The seedlings were
thinned to one plant per pot after 30–60 d, depending
on individual experiments, following the sowing of
seed. The A. platanoides portion of the experiment
could not be planted with seeds because of low ger-
mination. Instead, we planted A. platanoides seedlings
of equal size, which germinated in 2001, collected on
the University of Montana campus. We surface ster-
ilized the roots in order to minimize transplanting soil
biota from the field soil into the experimental units.
The roots of each seedling were surface sterilized by
submerging the roots in a solution of 5% bleach for 10
min and then thoroughly rinsing with dionized water.
These experiments were started between July and Au-
gust 2001. Seedlings that died within two weeks fol-
lowing planting were replaced.
The initial stem height of each seedling was mea-
sured at 30–60 d after the initiation of each regional
experiment. Supplemental light was added in the au-
tumn and winter, and shading was provided in the sum-
mer to ameliorate extreme temperatures and light in-
tensities. To encourage the development of mycorrhizal
symbioses, we applied low concentrations of nutrients
(particularly with low relative concentrations of phos-
phorus) to the soils (Johnson et al. 1992, Smith and
Read 1997). During 2002, plants were fertilized ap-
proximately once every two weeks with 100–110 mL/
plant of Scott’s Miracle-Grow Excel (NPK ratio of 15-
2-20, Scotts-Sierra Horticultural Products Company,
Marysville, Ohio, USA) mixed at 0.171 g/L. In spring
and summer 2002, the plants were also provided with
0.61 mL of Osmocote Outdoor and Indoor Slow Re-
lease Plant Food at monthly intervals (NPK ratio of
19-6-12, Scotts-Sierra Horticultural Products Compa-
ny, Marysville, Ohio, USA) to provide a continuous
supply of nutrients. All of the regional experiments
were harvested from 24 to 31 August 2002, and each
living seedling was measured for final height and the
plants were harvested and divided into roots, stems,
and leaves. All harvested material was dried at 658C
until constant mass.
We tested the effect of sites on the total biomass and
relative change in seedling height ([(final height 2 ini-
tial height)/ initial height] 3 100) in the nonnative
range (Montana and New Jersey) for A. platanoides
with a three-way ANOVA (sites, soil biota, and soil
sources). We found no effect of site and combined the
A. platanoides data from Montana and New Jersey. This
pooling allowed us to conduct three-way ANOVAs to
test the effect of species (Acer negundo and A. platan-
oides), soil sterilization (sterile vs. nonsterile), and soil
source (conspecific vs. heterospecific) on the total bio-
mass and relative change in height for each range (na-
tive and nonnative) using SPSS version 10 (SPSS
2000). To maintain homogeneity of variances for these
analyses, we transformed data with either a square root
function (square root[x 1 0.5]) or log function (log [x
1 1]). The data for relative change in height continued
to violate the assumption of homogeneity of variance
following transformation (Levene’s test; F 5 2.27, df
5 7, 76, P 5 0.037), but no satisfactory transformation
could be found. The analysis was still performed, be-
cause ANOVA is robust to heterogeneity of variances
(Underwood 2002).
RESULTS
Overall, neighboring conspecifics were 56–77%
more closely spaced in nonnative than in native ranges
(ANOVA; range, F 5 10.60, df 5 1, 32, P 5 0.003;
Fig. 1). There was no effect of species and range 3
species on nearest neighbor distances (species, F 5
0.08, df 5 1, 32, P 5 0.781; range 3 species, F 5
1.37, df 5 1, 32, P 5 0.252).
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TABLE 1. Summary of three-way ANOVA of effects of tree species (Acer negundo and A. platanoides), soil sterilization
(nonsterile vs. sterile soil), and soil source (conspecific vs. heterospecific) on total biomass and relative change in height
of seedlings grown in soils from native ranges.
Source of
variation
Dependent
variable df MS F P
Species
Sterilization
Source
biomass
height
biomass
height
biomass
height
1, 84
1, 84
1, 84
1, 84
1, 84
1, 84
93.96
7,843.09
10.27
380.33
1.46
55.04
49.74
107.91
5.44
5.23
0.77
0.76
,0.0005
,0.0005
0.022
0.025
0.382
0.387
Species 3 sterilization
Species 3 source
Sterilization 3 source
biomass
height
biomass
height
biomass
height
1, 84
1, 84
1, 84
1, 84
1, 84
1, 84
,0.01
0.87
0.53
9.43
0.02
26.10
,0.01
0.01
0.28
0.13
0.01
0.36
0.949
0.913
0.599
0.720
0.910
0.551
Species 3 sterilization 3 source
Error
biomass
height
biomass
height
1, 84
1, 84
1, 84
1, 84
0.03
0.16
1.89
72.68
0.01
,0.01
0.906
0.963
Notes: Tests were performed using the Type III sums of squares from SPSS version 10. Biomass and relative change in
height data were transformed with a square-root function (square root[x 1 0.5]). The data for Acer negundo were collected
in Wisconsin, USA, and data for A. platanoides were collected in France.
FIG. 2. The effect of soil sterilization and
soil source on total biomass of Acer negundo
and A. platanoides seedlings grown in soil from
their native and nonnative ranges. The native
range for A. negundo was in Wisconsin (n 5 12
per treatment), and for A. platanoides the native
range was in France (n 5 8–10). The nonnative
site for A. negundo was in France (n 5 12); for
A. platanoides, nonnative sites were Montana
(n 5 9–10) and New Jersey (n 5 6–10). Refer
to Tables 1 and 2 for ANOVA results. Bars rep-
resent the average total biomass 6 1 SE.
Sterilization of soil from native communities had a
more positive effect (negative effect of soil biota) on
the growth of Acer seedlings than sterilization of the
soil from the communities invaded by Acer species. In
the native ranges of Acers, the soil biota decreased
(positive effect of soil sterilization) total biomass of
Acer seedlings by 35% and decreased relative change
in height of seedlings by 40% (Table 1, Figs. 2 and 3).
In contrast, in the nonnative ranges we identified an
interactive effect of soil sterilization and soil source
on the total biomass (Table 2, Fig. 2) and relative
change in height of seedlings (Table 2, Fig. 3). In the
nonnative ranges the soil biota associated with con-
specifics decreased (positive effect of soil sterilization)
the biomass and relative change in height by 112% and
64%, respectively; but unlike in the native ranges of
Acer, soil biota associated with heterospecifics in-
creased (negative effect of soil sterilization) seedling
biomass (Fig. 2) and relative change in height (Fig. 3)
of seedlings by 13% and 37%, respectively. Overall,
A. negundo grew more than A. platanoides seedlings
(Tables 1 and 2, Figs. 2 and 3); however, there were
no interactions between species and the other factors
(Tables 1 and 2).
DISCUSSION
The Enemy Release Hypothesis is often invoked to
explain the invasive success of nonnative species; how-
ever, few studies have rigorously tested this hypothesis
with biogeographical experiments. By utilizing a cross-
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FIG. 3. The effect of soil sterilization and
soil source on relative change in height of Acer
negundo and A. platanoides seedlings grown in
soil from their native and nonnative ranges. See
the description provided for Fig. 2.
TABLE 2. Summary of three-way ANOVA of effects of tree species (Acer negundo and A. platanoides), soil sterilization
(nonsterile vs. sterile soil), and soil source (conspecific vs. heterospecific) on total biomass and relative change in height
of seedlings grown in soils from nonnative ranges.
Source of variation
Dependent
variable df MS F P
Species
Sterilization
Source
biomass
height
biomass
height
biomass
height
1, 120
1, 120
1, 120
1, 120
1, 120
1, 120
189.00
3,180.00
5.41
3.01
0.89
15.99
65.35
49.90
1.87
0.05
0.31
0.25
,0.0005
,0.0005
0.175
0.828
0.580
0.617
Species 3 sterilization
Species 3 source
Sterilization 3 source
biomass
height
biomass
height
biomass
height
1, 120
1, 120
1, 120
1, 120
1, 120
1, 120
0.06
66.17
0.62
14.12
13.11
376.25
0.02
1.04
0.22
0.22
4.53
5.90
0.885
0.310
0.644
0.639
0.036
0.017
Species 3 sterilization 3 source
Error
biomass
height
biomass
height
1, 120
1, 120
112, 120
112, 120
2.74
21.13
2.90
63.73
0.95
0.33
0.333
0.566
Notes: Tests were performed using the Type III sums of squares from SPSS version 10. Biomass and relative change in
height data were transformed with a square-root function (square root[x 1 0.5]). The data for Acer negundo were collected
in France; data for A. platanoides were collected in Montana and New Jersey, USA.
continental experimental design linking density pat-
terns in the field with plant–soil biota interactions
gleaned from a greenhouse experiment, we were able
to test the Enemy Release Hypothesis and enhanced
role of mutualisms by comparing the population struc-
ture and plant–soil community interactions for Acers
in their native and nonnative ranges. Our results show
denser aggregations of conspecifics around focal Acer
negundo and A. platanoides trees in nonnative than
native ranges. This suggests Acers were less inhibited
by intraspecific mechanisms of density- and/or dis-
tance-dependent regulation during the early stages of
invasion. The greater density of Acers in nonnative than
native ranges corresponds with the positive effect of
the soil biota, relative to sterilized soil treatments, as-
sociated with heterospecific trees in the nonnative
range relative to in the native range. However, soil biota
associated with conspecifics had a negative effect on
seedling growth in native and nonnative ranges.
Despite finding important effects of soil biota on
Acers, in contrast to our hypothesis the negative host-
specific effects of the soil biota on seedling growth
were not stronger in the native range than the nonnative
range. In the native ranges, we hypothesized that both
Acers would experience negative effects of the soil
biota associated with conspecifics and neutral to pos-
itive effects of the soil biota associated with hetero-
specifics, since host-specific soil pathogens often ac-
cumulate in soils associated with individual plants in
their native ranges (e.g., Packer and Clay 2000, Bever
2003). Although we did not find clear evidence for
species-specific plant–soil biota feedbacks as described
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in the literature for natural systems (e.g., Mills and
Bever 1998), we identified a net or regional negative
effect of resident soil biota on growth regardless of soil
source in the native ranges of Acers.
Interactions among Acer species and the soil biota
from different sites and sources were more complex
than predicted by the Enemy Release Hypothesis or
observed in previous plant–soil community feedback
studies. For example, Acer species appear to accu-
mulate inhibitory soil biota even in their invaded range,
but the positive effect of soil biota associated with
heterospecifics in this range suggests that Acers benefit
more from the soil biota distributed broadly in their
nonnative than native ranges. Altogether, our findings
suggest that the resident soil biota facilitate the spread
and dominance of these species in their nonnative rang-
es relative to the suppressive effects of the soil biota
in their native ranges. This does not preclude the role
of other biogeographical differences in the abiotic en-
vironment (e.g., soil fertility) or biological interactions
(e.g., competition), but the reciprocal design factors
out site-specific effects, indicating that the pattern is
generalizable for these two invasive Acer species.
In a study with major implications for exotic inva-
sions, Klironomos (2002) found that invasive nonna-
tive plants in North America experienced positive ‘‘soil
feedback responses,’’ while rare native species expe-
rienced negative soil feedbacks (Klironomos 2002).
This variation in feedback responses for native vs. non-
native species is supportive of the Enemy Release Hy-
pothesis. However, Klironomos also reported the soil
feedback response of 61 species (;27 native species)
that he related to each species’ abundance. He found
that most species experienced negative soil feedbacks,
and that the abundances of individual species were pos-
itively correlated with their soil feedback responses.
However, inspection of all 61 species suggests that non-
native species do not have clearly different directions
of soil feedback than native species. In contrast, our
results for two Acer species and results for two other
plant species indicate that invaders are more negatively
affected by the soil communities in their native ranges
than in their nonnative ranges (Reinhart et al. 2003,
Callaway et al. 2004).
The Enemy Release Hypothesis predicts that inva-
sive species will benefit most by escaping from their
host-specific enemies (Keane and Crawley 2002). Pre-
vious studies have reported a greater richness of spe-
cialist herbivores in native than nonnative ranges
(Memmott et al. 2000) and found more negative plant–
soil biota interactions in the native than invaded sys-
tems (Reinhart et al. 2003, Callaway et al. 2004). How-
ever, our results suggest Acers are being just as neg-
atively affected by belowground organisms associated
with conspecifics in their invaded ranges as in their
native ranges. The fundamental difference between na-
tive and invaded ranges was the more positive effect
of soil biota associated with heterospecifics in invaded
ranges. Acers benefited from the soil biota associated
with dominant heterospecifics, suggesting a positive
effect of the native dominants on the invading Acers.
Other studies have reported positive plant–soil feed-
backs (Klironomos 2002) and more positive effects of
the soil biota in invaded than native ranges (Reinhart
et al. 2003, Callaway et al. 2004, but see Beckstead
and Parker 2003).
The more positive effect of the soil biota associated
with the soils of heterospecifics in the nonnative ranges
relative to in native ranges that we report may con-
tribute to the invasiveness of Acer negundo and A.
platanoides, as suggested by the denser aggregations
of conspecifics around Acers in nonnative than native
ranges. Thus, the biogeographical variation in plant–
soil biota interactions may help facilitate the estab-
lishment and spread of Acers in invaded forests relative
to native forests. The contrasting results between con-
specific and heterospecific soil sources indicate that
negative soil feedbacks (i.e., density-dependent nega-
tive effects) eventually develop around Acers even in
invaded regions. However, closer spacing of neighbors
in the native than nonnative ranges suggests Acers were
less inhibited by intraspecific mechanisms of density-
and/or distance-dependent regulation during the early
stages of invasion. In time, invasive plants may reac-
quire their natural enemies (Scheffer 2003) and/or ac-
quire enemies already present in the invaded ranges.
Thus, the strength and direction of the soil biota effect
on successful invaders (not initially repelled by abiotic
or biotic factors) is likely to transition from positive
to negative over time. Alternatively, interactions not
accounted for in our experiment may also affect the
spatial distribution of A. negundo and A. platanoides.
Acer platanoides trees in riparian forests of the
northern Rocky Mountains may indirectly facilitate
conspecific seedlings by producing deeper shade than
native canopy species and reducing the competitive
effects of natives on exceptionally shade-tolerant A.
platanoides seedlings (K. O. Reinhart, unpublished
data). Furthermore, established A. platanoides appear
to increase soil moisture in the understory, which may
facilitate conspecific seedlings (Reinhart 2003). These
effects of established adult trees may contribute sub-
stantially to the aggregation patterns observed in mixed
deciduous and coniferous forests in Montana.
Plants in their nonnative ranges are often facilitated
by soil biota (Vitousek et al. 1987, Marler et al. 1999,
Callaway et al. 2001, Klironomos 2002), while native
plant species are often negatively affected by the ac-
cumulation of host-specific portions of the soil biota
(e.g., Klironomos 2002). Our results did not identify a
switch from negative plant–soil community feedback
in native ranges to positive plant–soil community feed-
back in nonnative ranges. Instead, we found a more
complicated pattern with a general negative effect of
the soil biota on the growth of Acers in their native
ranges. The general negative effects of the soil com-
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munity on plants in their native ranges relative to the
positive effects of the soil community associated with
heterospecifics on plants in their nonnative ranges sug-
gests that plant invasions may be facilitated at a re-
gional scale by soil microbes and that this is supportive
of the Enemy Release Hypothesis. However, the Enemy
Release Hypothesis predicts that nonnative plants will
benefit when they invade areas without the specialist
enemies from their native ranges (Keane and Crawley
2002). Our results suggest that the negative effect of
the soil biota in the native range is driven by generalist
and/or host-specific organisms associated with conspe-
cifics and generalist organisms associated with hetero-
specifics, while the negative effect in the nonnative
range is driven by host-specific organisms associated
with conspecifics. Understanding the net impact of en-
emies in native and nonnative ranges may be equal to
or more important than the degree of specialization or
species richness of pathogens. Our results are also for
the net effect of the soil community on plant growth
and not the isolated effect of soil-borne enemies. The
biogeographical differences in soil biota effects that
we observe may also be attributed to mutualists having
more positive effects on Acers in their nonnative than
their native ranges. Also, there may be important shifts
in these interactions within ranges as described in an-
other study (Callaway et al. 2004) that are not resolved
by the limited coverage used in our experiment relative
to the entire distribution of these species.
Improved understanding of plant–soil interactions
(e.g., identity of pathogens, effect of pathogens, broad-
er scale description of interactions, and pathogen host
specificity) in nonnative ranges relative to native ranges
will help resolve whether the invaders have escaped
from belowground enemies or adopted better mutual-
ists in their nonnative ranges relative to their native
ranges. Our results suggest that biogeographical vari-
ation in the strength of belowground interactions
among plants and soil biota may play an important role
in the invasion of nonnative plant species. Thus, con-
sideration of above- and belowground enemies is likely
to improve our understanding of biological invasions,
which may involve release from natural enemies, as
well as enhanced positive interactions with mutualists.
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